The goal of this work was to clone, express, characterize and assemble a set of soluble thermostable cellulases capable of significantly degrading cellulose. We successfully cloned, expressed, and purified eleven Clostridium thermocellum (Cthe) cellulases and eight Acidothermus cellulolyticus (Acel) cellulases. The performance of the nineteen enzymes was evaluated on crystalline (filter paper) and amorphous (PASC) cellulose. Hydrolysis products generated from these two substrates were converted to glucose using beta-glucosidase and the glucose formed was determined enzymatically. Ten of the eleven Cthe enzymes were highly active on amorphous cellulose.
the planet, and its effective and low cost enzymatic conversion of cellulose to glucose is essential for production of biofuels and other products from biomass.
However, the crystalline nature of cellulose [1] is a major impediment to this conversion. The original and most studied system for enzymatic degradation of cellulose is that of the Trichoderma reesei system of soluble cellulolytic enzymes [2] . In the T. reesei system, a minimum set of four enzymes, two exo-glucanases (CBHI and CBHII) acting on the reducing and non -reducing ends of cellulose chains respectively, an endo-glucanase (EG-1) and a beta-glucosidase (Bgl1) are sufficient for essentially complete degradation of purified cellulose [3, 4] as well as cellulose contained in pre-treated biomass [5] . Analyses of the genomes of cellulolytic bacteria shows no simple analogue to this fungal system; rather, a number of different paradigms are utilized to degrade cellulose [6] . In addition to the different modalities, these cellulolytic bacteria possess many more annotated cellulases from many different Glycosyl Hydrolase (GH) families.
In the 1980s, a new paradigm for cellulose degradation was discovered in Clostridium thermocellum [7, 8] . Clostridium thermocellum (Cthe) utilizes complex, high molecular weight (estimated at 2.1 million daltons) [8] structures termed cellulosomes that are anchored to the Cthe cell wall [9] [10] [11] . Cthe cellulosomes rapidly degrade cellulose [7, 8, 12, 13] in vivo. Reports have indicated that, on a weight basis, isolated cellulosomes were significantly more cellulolytic than the T. reesei set of enzymes when evaluated on autoclaved, but not pre-treated biomass [14] .
Cellulosomes have been fractionated into their individual protein components [15] and many of the individual components have been isolated and characterized.
Cellulosomes contain two major classes of proteins, scaffoldins: which are large non-catalytic proteins that anchor enzymes to the bacteria [16] [17] [18] [19] [24] , CelG [25] , CelH [26] , CelI [27] , CelJ [28] , CelK [29] , CelL [30] , CelN [31] , CelO [32] , CelR [33] , CelS [34] , and CbhA [35] . While a few of these cloned enzymes have been used to assemble synthetic mini-cellulosomes [16, 36- Genomic DNA Purification, Cellulase Cloning, and Protein Purification
The C. thermocellum cell concentrate was lysed using a combination of SDS and proteinase K, and the genomic DNA was purified using a phenol/ chloroform extraction methodology [40] . A. cellulolyticus DNA product was used without additional purification. The
Cthe and Acel cellulases were cloned by polymerase chain reaction (PCR) amplification of the desired genes from C. thermocellum genomic DNA as described elsewhere [41] . Purified PCR products were ligated into pET28a and the resulting vectors were used to transform BL21 (DE3) chemically competent cells. Table 1 , and the details of the Acel cellulases cloned and expressed are shown in Table 2 .
Enzyme Activity
Enzyme-specific activity was measured using the modified Somogyi method for reducing sugars [42] using 1% β-glucan as substrate. 
Results

Cl. Thermocellum Cellulases
Cloning, Expression and P.urification of Cl. Thermocellum Cellulases
Nine cellulosomal and two non-cellulosomal Cthe cellulolytic enzyme (Table 1) Specific activity values determined as described in methods. *not expressed in E. coli. endo-cellulases, three are annotated non-reducing end exo-cellulases, and two reducing-end exo-cellulases (Table 1 ). The eleven cellulases come from three GH families; five are GH5 family members, five are GH9 family members and one is a GH8 family member.
Cthe Cellulase Exo-Activity and Endo-Activity
Cthe cellulases were evaluated for endo-activity or exo-activity. AZCL-HEC cellulose, an insoluble substrate that generates a soluble blue hydrolysis product, was used to determine the presence of endo -cellulase activity. As expected, the five, annotated endo-cellulases showed endo-activity in this assay. Among the five annotated exo-cellulases, four cellulases, CelA, CelI, CelR, and CbhA, were positive in this assay;
only CelK showed no endo-cellulase activity.
Reducing-end exo-activity The specific activities of the 11 enzymes were determined using beta-glucan as substrate. The specific activities of the five GH5 cellulases fall in the range of 25 to 75 u/mg (Table 1) . CelA, the GH8 family member had a specific activity of 95, similar to GH5 cellulases.
The five GH9 cellulases showed a much broader range of specific activities, with members having both the highest and lowest specific activities. CelD has the highest specific activity of the eleven cellulases, C. thermocellum Cel48S, a reducing-end exo-glucanase, is the most abundant protein in the cellulosome [43] , and is reported to have a key role in cellulose hydrolysis by the cellulosome. To determine if soluble Cthe Cell48S would improve conversion by our best soluble set of Cthe enzymes, we attempted to clone and express the enzyme in E. coli. Since we were unable to achieve satisfactory expression of the gene, known to produce only low levels of protein in E. coli [44] , we utilized the Clostridium cellulolyticum Cel48S, a cellulosomal exo-glucanase with no CBM modules.
Being from a mesophilic organism, the C. cellulolyticum Endoglucanase E1cd [48] . All enzymes were purified using a combination of heat treatment and chromatography on NiNTA resin and were greater than 90% pure as determined by SDS gel electrophoresis.
Acel Cellulase Exo-Activity and Endo-Activity
The classification of the Acel cellulases into reducing end and non-reducing exo-acting and endo-acting is not described in the literature. Acel The specific activities of the eight enzymes were determined using beta-glucan as substrate. The specific activities of most cellulases fall in the range of 17 to 47 u/mg (Table 2) , similar to the values observed with the The two GH12 cellulases have significantly higher specific activities. Acel_0619 has a specific activity of 306 u/mg, while Acel_0615, which possesses both GH12 and GH6 carbohydrase modules, has a specific activity of 173 u/mg. Acel_0616 has a specific activity of 1 u/mg using beta-glucan, but 6 u/mg using mannan, indicating Acel_0616 is most likely a GH5 mannanase [20, 49] . Acel_0617, A GH48 family member has a very low specific activity of 0.04 u/mg, but this low specific activity is similar to values reported for the Cthe Cel48S [50] .
Cellulose Hydrolysis by Acel Cellulases
The six Acel cellulases were evaluated for their ability to degrade amorphous (PASC) and crystalline 
Discussion :
The Cthe genome codes for 29 potential cellulases in the four GH families 5, 8, 9, and 48 [51] that form part of a supramolecular structure, the cellulosome [11] , while the genome of A. cellulolyticus codes for eight potential cellulases and no cellulosomal components. It remains unclear why Cthe possess significantly more cellulases than Acel or any other cellulose-degrading bacteria [6] .
To address this question, we successfully cloned, expressed and purified eleven Cthe cellulases and six Acel cellulases.
Individually, most of the cellulases show strong activity on beta-glucan as well as amorphous cellulose (PASC).
Performance in PASC hydrolysis was unrelated to activity measured on beta-glucan, with the individual cellulases hydrolyzing from 3% to greater than 60% of the PASC. Cellulose hydrolysis was carried out using 3. 
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